FIG. 1:
The conventional optical system applied to generate PV beams, which is based on the bulky refractive devices. Combination of vortex plate and axicon convert a general Gaussian beam to BG mode. Then, the lens implements Fourier transformation of BG beam to get the PV beams. Insets show the intensity patterns in each step of this system.
In this work, we designed planar Pancharatnam-Berry (PB) phase elements to generate PV beams. The evolution of polarizations in optical field will introduce an additional phase item in wave function, which is referred as the PB phase [14, 15] . PB phase optical elements are dramatically developed in recent years due to their exceptional property of phase engineering, which provide a convenient approach to construct highly-functional planar devices [16, 17] .
Arbitrary phase distributions can be pursued and the phase responses of different incident circular polarizations are constantly contrary in a PB phase element. Therefore, PB phase elements including optical lens [18] , vortex beam generators [19] [20] [21] , hologram devices [22] , mode transformer [23] , and OAM multiplexer [24] have been realized up to now. By designing and assembling novel planar PB phase elements, a simplest scheme to produce PV beams is presented in this work. Moreover, our scheme is developed to generate the perfect vector beams, which possesses also the fixed annular intensity but is endowed with azimuthally varying polarizations.
RESULTS
Theoretical analysis. Perfect vortex beams are firstly considered as an ideal model of vortex beams with constant intensity distribution which doesn't depend on its topological charge [3] .
Dirac delta function was applied to describe these beams as the following form:
where (ρ, ϕ) are the polar coordinates in beam cross section, l is the topological charge, and ρ 0 is the radius of annular bright intensity. However, in general cases, this model is not accessible in experiment. Thus, an annual pattern with small width ∆ρ is developed to approximate the above model, which can be described as
Mathematically, the approximate model of PV beams can be deduced from the Fourier transformation of an ideal Bessel beam function [4] , which can be expressed as
where J l is the first kind of l-th order Bessel function, k = k r 2 + k z 2 = 2π/λ, r = (ρ, ϕ), and (k r , k z ) are the radial and longitudinal wave vectors respectively. However, this mathematical model is also an idealization of PV beams. For most part of practical situations, the accessible Bessel model is actually a BG beam:
where ω g is the beam waist to restrict the total field. Many approaches have been exploited to generate such BG beams. Axicon is the most widely applied refractive element [25] , which could convert a general Gaussian beam or LG beams to the zeroth or higher-order BG modes.
According to the Fourier transformation theory, the transformed field of a BG beam can be derived as
where To replace all the elements involved in the conventional refractive system, we should firstly find out the phase profiles imposed by these elements. Moreover, comparing with using axicon in producing the BG beam, there is a simpler scheme by designing a planar device to introduce the derived phase from Bessel function (as shown in inset (b) of Fig. 2 ) [4] . Thus, the phase distributions corresponding to vortex plate Φ V , Bessel converter Φ B , and lens Φ L can be defined as
where ( Bessel converter, and lens are deduced as the first one was produced by the single PB phase element constructed according to Eq. (10), of which the optical axis distribution are exhibited as the second plate in Fig. 2 ; the second one was produced by the combination of vortex plate (according to Eq. (9)) and the zeroth order BG plate.
Incident light was set to be circular polarization (either right-or left-circular polarizations) by a combination of polarizer and quarter-waveplate.
Then, the Fourier transformation was implemented by the PB phase lens (according to Eq. (11) 
DISCUSSION
The advantage on the PB phase system over traditional system in obtaining PV beams is not only the reduction of thickness of the whole system but also the promising prospect in integration applications. All these three elements can be once fabricated in a single glass thus to provide a PV source in integration photonics and plasmonics. Moreover, as the contrary phase responses of orthogonal circular polarization states can be introduced at the same time, our PB phase system can be directly adapted to produce the perfect vector beams.
Cylindrical vector beam (CVB) is the axially symmetrical solution of vectorial electromagnetic field Maxwell's equations [27] , which have shown great potentials in particle trapping [28] , plasmon excitation [29] , microscopy [30] , high resolution imaging [31, 32] , high capacity information coding [33] , and laser processing [34] . Generally, the intensity of CVB is endowed with a LG profile. However, vectorial fields corresponding to other intensity profiles may provide the additional exotic properties. For examples, vector BG and Hermite-Gaussian have been studied recently to show their distinctiveness [35] [36] [37] . PV beams provide excellent resistance to the variation of topological charge and the perturbations in propagation, thus, the CVB with PV profile will be fervently desired in applications.
Cylindrical vector beam has been proved to be the superposition of two orthogonal circularly polarized vortex beams with opposite chirality [38, 39] . By changing the incidence to linear polarization, which is the equal superposition of orthogonal circular polarizations, the combination of PB phase vortex plate and Bessel converter will produce a vector BG field. However, the PB phase lens will terminate this adaption because contrary radial phase gradients will be obtained by the opposite incidences. Thus, a general plano-convex lens is applied to replace the PB phase lens to get the perfect vector beams. Experimental results are displayed in Fig. 5 . Three different polarization orders q = 1, 2, 3 are selected to examine the validity of our scheme. Polarizer analysis shows that the correct polarizations as theoretical predications are generated.
In conclusion, we designed a series of 
METHODS
Sample preparation. Our PB phase elements are fabricated using femtosecond laser writing in fused silicon glass boards. With certain level intense femtosecond laser irradiation, subwavelength period grating oriented perpendicular to the polarization of laser will be formed spontaneously in glass [40] . Thus, the artificial birefringence is introduced to mould the polarization of light. As known, the principle optical axes are parallel or orthogonal to the subwavelength grating, thus the orientation of local optical axes can be artificially engineered by controlling the polarization of writing laser. Additionally, other than structures wrote pixel by pixel in general cases, these self-assembled structures can be written continuously, which means higher transform efficiency can be accessed. To get the PB phase samples, we firstly found out all the elements required to generate PV beams. Then, as all the elements are phase manipulating devices, their phase distributions are mathematically described. After that, according to the relationship between the orientation of local optical axes and the induced PB phase, the distribution of local optical axes can also be well described. Finally, all the elements are fabricated according to the derivation.
Our samples are constructed for the operating wavelength 632.8nm, efficient diameter ≥ 6mm
(Altechna R&D).
Experimental measurements. The schematic of experiment setup is shown in Fig. 2 . All the optical elements are cascaded to produce the PV beams. In experiments, a He-Ne laser operating in wavelength 632.8nm (17 mW, Thorlabs HNL210L-EC) served as the optical source. The combination of linear polarizer and quarter-waveplate was used to prepare the polarization state of incidence. A CCD (charge-coupled device, Coherent LaserCam HR) camera was applied to record all the intensities.
